Modelling the interfacial peeling of pressure-sensitive adhesives by Kinloch, AJ et al.
Journal of Non-Newtonian Fluid Mechanics 222 (2015) 141–150Contents lists available at ScienceDirect
Journal of Non-Newtonian Fluid Mechanics
journal homepage: ht tp : / /www.elsevier .com/locate / jnnfmModelling the interfacial peeling of pressure-sensitive adhesivesqhttp://dx.doi.org/10.1016/j.jnnfm.2014.10.005
0377-0257/ 2014 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
q Dedicated to Prof Ken Walters FRS on the occasion of his 80th Birthday.
⇑ Corresponding author. Tel.: +44 (0)20 7594 7246.
E-mail address: m.charalambides@imperial.ac.uk (M.N. Charalambides).I.K. Mohammed, M.N. Charalambides ⇑, A.J. Kinloch
Department of Mechanical Engineering, Imperial College London, South Kensington, London SW7 2AZ, UK
a r t i c l e i n f o a b s t r a c tArticle history:
Received 3 June 2014
Received in revised form 14 October 2014
Accepted 15 October 2014
Available online 8 November 2014
Keywords:
Pressure-sensitive adhesive
Peeling
Finite element
Viscoelastic
Cohesive zones
TackPeel tests were performed using specimens which consisted of a polyester backing membrane supporting
an acrylic pressure-sensitive adhesive adhered to a polyethylene substrate. Interfacial separation of the
PSA from the polyethylene substrate was observed. Finite element (FE) peeling simulations were
conducted which modelled the backing-membrane as an elasto-plastic power-law material, the adhesive
as a viscoelastic material and the interfacial properties with a cohesive zone model (CZM). The material
properties of the backing membrane and the pressure-sensitive adhesive were measured from tensile and
stress relaxation experiments. The cohesive zone parameters were calculated analytically from the peel
test data, as well as being measured directly from independent poker-chip probe tack tests. The numer-
ical results from the CZM/FE simulations and the experimental values of the peel forces as a function of
the peel angle were found to be in good agreement.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction polymer (e.g. n-butyl acrylate or 2-ethylhexyl acrylate) with a lowPressure-sensitive adhesives (PSA) are used in a wide variety of
applications such as adhesive tapes [1], product labels, postage
stamps [2,3], paper note pads, transdermal patches [4–6] and cloth-
ing [7]. Amongst the various classes of adhesives, PSAs are unique
because they do not require heat or chemical treatment in order
to give a relatively good adhesive strength to a wide range of sub-
strates. For example, unlike structural adhesives, the bond does
not need to be formedwhile the adhesive is in a liquid state. Typical
PSA products consist of the PSA material sandwiched between a
ﬂexible backing membrane, such as a plastic ﬁlm, a paper ﬁlm or
a metal foil, and a release liner with a low surface energy.
The PSA surface has to be kept clean of impurities, such as dust,
throughout its shelf life or it will lose its adhesion properties,
hence the protection of the PSA surface is an important feature
with PSAs. For example, PSA labels are adhered to a removable
protective sheet known as a release liner while in rolls of PSA tape
the top surface of the backing membrane is coated with a low
surface energy material to ensure easy removal.
PSAs tend to be elastomeric in nature and the most widely used
elastomer is natural rubber, although synthetic rubber-, acrylic-
and silicone-based PSAs are common. Rubber based PSAs are the
cheapest and simplest to produce, comprising of natural rubber
and a tackifying resin. Acrylic PSAs, such as that used in the present
study, are typically random copolymers of a long side-chain acrylicglass transition temperature Tg, a short side-chain acrylic such as
methyl acrylate to adjust the Tg, and acrylic acid to improve the
adhesion. Unlike other types of PSAs, such as those based upon nat-
ural rubber, tackiﬁers are not necessary with acrylic-based PSAs [1]
but, to form a good bond to a substrate surface, the PSA must have
some degree of tack.
Tack is an important property of a PSA as it quantiﬁes its ability
to form instantly a bond when brought into contact with a surface.
The ﬁnal adhesion and cohesive strength of the bond are inﬂu-
enced by numerous factors including the surface energies of the
adhesive and substrate, dwell time, contact pressure, mechanical
properties of the adhesive, as well as environmental conditions
such as temperature and humidity [8]. Therefore, tack is important
in many applications where an instant bond is required, however it
is equally important when a ‘clean’ separation of the initially
bonded surfaces is desirable. Many different methods for measur-
ing the tack have been devised with the four main ones being the
rolling ball, loop tack, quick stick and probe tack tests [9]. Each has
its own advantages and disadvantages and the speciﬁc testing
method should be selected based on the particular application.
The probe tack test is a quantiﬁable mechanical method of
mimicking the subjective thumb/ﬁnger test. A ﬂat or spherical
probe is brought into contact with the tacky material until a cho-
sen load is reached (known as the dwell force) and then held at
that position for a period of time (known as the dwell time). The
probe is then pulled away from the specimen at a constant speed
until total separation is reached and the load–displacement-time
relationship is recorded. The area under the load–displacement
curve is referred to as the tack energy, or the tack work of adhesion,
142 I.K. Mohammed et al. / Journal of Non-Newtonian Fluid Mechanics 222 (2015) 141–150Wa, while the peak load can be converted into a maximum stress.
Multiple authors have reported tests to determine the effect of
parameters such as the dwell time, dwell force, surface roughness,
sample aspect ratio and probe material [10–13].
The separation of two surfaces requires an amount of energy
dissipation which can be measured using peeling experiments.
In such tests the peel force is measured, which may depend on
the peeling speed, peel angle, backing membrane thickness and
adhesive thickness. Although peel tests are relatively simple to
perform [14–16], modelling of the peeling process accurately is
a challenge [17]. Finite element (FE) simulations require as an
input the material properties of the backing membrane and the
adhesive, as well as a damage criterion to represent failure of
the adhesive or debonding of the interface, whichever is the
observed mode of fracture.
Common techniques for modelling the peel test include the
cohesive zone model (CZM) [17,18], virtual crack closure [19],
xfem [20] or a critical stress at a distance [21] failure criterion.
Numerous authors have modelled the peel test but the majority
of these have focused on peel tests which consist of relatively thick
metallic peel arms bonded using high modulus structural
adhesives. For example, Diehl [22] attempted to create an Abaqus
benchmark for the modelling of peeling using a CZM in which the
value of the fracture energy was ﬁxed. An aluminium peel arm,
modelled using a plastic power-law expression, and an epoxy
adhesive, modelled as a simple linear-elastic material, were imple-
mented into the CZM/FE simulation. The cohesive failure of the
epoxy was modelled using a layer of zero-thickness cohesive
elements with a triangular traction-separation law. The fracture
energy was kept constant while the critical stress and failure sep-
aration, and hence the initial stiffness, were varied over two orders
of magnitude. The peel force that was numerically predicted was in
good agreement with the experimentally measured value of the
peel force; this demonstrated that the predicted peel force was
independent of the value of the critical stress employed in the
traction-separation law implemented in the CZM.
Cui et al. [23] used a critical von Mises effective strain at the
crack tip as a failure criterion. Aluminium peel arms of different
thicknesses were modelled with an epoxy adhesive which exhib-
ited cohesive failure during the peel test. The model was calibrated
based on the experimental data of the 90 peel tests until the
numerical and experimental peel force values were in agreement.
The critical strain was found to be a function of the peel arm thick-
ness but independent of the peel angle.
Martiny et al. [24] developed a quasi-static steady-state FE
model of the wedge-peel and ﬁxed arm peel tests. In their model,
the local fracture process ahead of the crack front was accounted
for by embedding a cohesive zone between layers of elastic–plastic
solid elements which represented the adhesive and the substrates.
The substrate material was aluminium alloy and the adhesive was
an epoxy-based paste adhesive. They validated their model by
comparing their predictions with the experimentally measured
peel force and radius of curvature for three different peel angles,
as well as the fracture energy obtained from independent linear-
elastic fracture mechanics tests. Good agreement between the
modelling and experimental studies was recorded.
Wei and Hutchinson [25] developed a steady-state peeling
model of a rate-independent elastic–plastic ﬁlm bonded to a sub-
strate in which the interface (i.e. adhesive) thickness was taken
to be zero. A CZM was used with the two important parameters
being the peak stress and the work of fracture, since the speciﬁc
shape of the traction-separation law was determined to be
unimportant. They also showed that for peel angles less than 90,
the test was predominantly Mode I. Their model was limited to
peak stress/yield stress ratios of less than six where the yield stress
used was that of the peel arm.Williams and Kauzlarich [26,27] have performed ﬁxed arm and
mandrel peeling experiments with both acrylic and silicone PSAs,
and subsequently modelled their tests using the FE software CAE-
FEM90. They modelled the PSA layer using an elastic–plastic mate-
rial model with an adjusted modulus to account for the constraint
introduced in a thin ﬁlm. The strain energy density was measured
from the FE output and summed over the peel front in order to pre-
dict the value of the ‘de-adhesion energy’, which was in good
agreement with the experimentally-measured fracture energy.
In the present work, peel tests will be performed using speci-
mens which consist of a polyester backing-membrane supporting
an acrylic pressure-sensitive adhesive adhered to a polyethylene
substrate. The adhesive layer will not be ignored in the FE model-
ling studies because it is geometrically signiﬁcant relative to the
thickness of the peel arm, unlike in the model developed by Wei
and Hutchinson [25]. The pressure sensitive adhesive will not be
modelled as a simple linear elastic or elastic–plastic material, as
done by Williams and Kauzlarich [26,27], but instead be accurately
simulated as a viscoelastic material. By doing this, there is no need
to develop a method for predetermining the equivalent strain rate
at which to test the bulk PSA. In addition, as the strain rate is non-
uniform around the peel front, it is essential that a viscoelastic
model be used to represent the behaviour of the PSA. Also, in the
present work the properties of the PSA-polyethylene substrate
interface (which is the observed failure path from the experimental
studies) will be simulated via a CZM. The cohesive zone parameters
for the CZM will either (a) be directly measured experimentally
from a poker-chip probe tack test, or (b) calculated from peel tests
via an analytical elastic–plastic fracture mechanics approach [28].
This differs from the work of Cui et al. [23] and Martiny et al. [24]
where the failure criteria were determined numerically using an
inverse analysis. Further, the present FE model simulates the entire
peeling process from the free peel arm bending to the initial
debonding upon the start of steady-state crack propagation,
whereas the FE model of Williams and Kauzlarich [26,27] did not
produce debonding and that of Martiny et al. [24] modelled only
the steady-state peel force.
The outline of the present paper is as follows: ﬁrst the peeling
process is analysed using an elastic–plastic fracture mechanics
approach from which the cohesive zone parameters needed in
the CZM of the PSA-substrate interface may be deduced. This is fol-
lowed by a description of the visco-hyperelastic and plastic power-
law material models used to deﬁne the PSA and polyester backing
membrane, respectively. The mechanical characterisation methods
and results used to calibrate the material models are next given for
the polyester backing membrane and the PSA. The poker-chip
probe tack test method is then described which gives experimental
values of the tack energy and peak stress for different contact times
and dwell forces. Thus, this tack test gives a second, independent
and direct, source of the parameters needed for the CZM. The
experimental rig and test method used for the peel experiments
are described and the measured steady-state peel forces are used
to calculate the fracture energy and peak stress, also for use in
the CZM, via the analytical approach. Next the FE model, with an
embedded CZM, is developed to simulate the peel test. The cohe-
sive zone parameters determined from the two different methods
are now used in the CZM. The numerical predictions for the peel
force are compared with the experimentally measured values.2. Analytical modelling
2.1. Peeling model
A common method of characterising the performance of a PSA
adhered to a substrate is the ‘simple’ peel test, as shown in
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based on an energy balance and large displacement beam theory
in order to calculate the fracture energy, Ga, which was then imple-
mented by Georgiou et al. [29] into an algorithm known as ‘ICPeel’.
The peel arm undergoes a complex bending and unbending pro-
cess, during which plastic energy is dissipated. The fracture energy
is determined using an energy balance:
Ga ¼ 1b
dUext
da
 dUs
da
 dUt
da
 dUp
da
 
ð1Þ
where the terms are incremental and dUext is the external work, dUs
is the stored tensile strain energy in the peeling arm, dUt is the
energy dissipated during tensile deformation of the peeling arm
and dUp is the energy dissipated during plastic bending of the
peeling arm near the peel front. Eq. (1) can be shown to lead to:
Ga ¼ Pb ð1þ ea  cos hÞ  h
Z ea
0
r:de Gp ð2Þ
where P is the steady-state peel force, b is the width of the
specimen, h is the peel angle, h is the thickness of the peel arm
and ea is the tensile strain in the peeling arm. Therefore, the value
of Gp needs to be determined in order to ﬁnd Ga.
Alternatively, the total energy input, G, can be represented by
Eq. (3) which can be split into three terms: the fracture energy,
Ga, the plastic work done in bending of the peel arm, Gp, and an
elastic energy release rate due to tensile stretching in the peel
arm. Of note is the fact that if elastic conditions are maintained,
then Gp is zero and ry becomes the actual stress, r, in the peel
arm. Thus, Eq. (3) becomes the same as that derived by Kendall
[14]:
G ¼ P
b
ð1 cos hÞ ¼ Ga þ Gp 
r2yh
2E
ð3Þ
The plastic work is expressed in terms of both the peel angle, h,
and the root rotation angle, h0, as shown in Fig. 1:
Gp ¼ Pb ½1 cosðh h0Þ ð4Þ
During the peeling process, the bending moment, M, tends
towards a plastic limit, Mp. The total energy can therefore be
estimated as follows:
G  2Mp
b
1
R0
¼ ryh
2
2R0
ð5Þ
where ry is the yield stress of the peel arm and R0 is the local radius
of curvature at the peel front at the plastic limit as shown in Fig. 1.
By substituting Eq. (4) and (5) into Eq. (3), and using D = h0R0,
where D is a characteristic length of deformation, an approximate
expression for Ga can be obtained:
Ga ¼ Dh
 
 2G
2
ryh
þ r
2
yh
2E
ð6ÞFig. 1. Schematic of the local bending and root rotation at the peel front.The solution for D comes from a beam on a linear-elastic foun-
dation analysis and leads to a stress-displacement relationship for
a CZM [29]. Therefore:
D
h
 4
¼ E
3h
b
ks
 
ð7Þ
The equation above can be further expanded in terms of the
elastic moduli of the peel arm, E, and the adhesive, Ea,:
D
h
 4
¼ 1
6
1þ 2haE
hEa
 
ð8Þ
By substituting Eq. (8) into Eq. (6), the fracture energy, Ga, is then
calculated. Since the traction-separation law takes the shape of a
triangle, where the area is equal to Ga, it is thus possible to calculate
the critical stress, rmax. This is expressed as:
rmax ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
GaE
h
1þ 2haEhEa
vuut ð9Þ
In the present work, the steady-state peel force, in addition to
the material parameters and dimensions of the polyester backing
membrane and the PSA, are used to calculate the fracture energy
and the critical stress, for later use in the CZM, via the above ana-
lytical model. It should be noted that since the PSAs are viscoelastic
materials, thus rate and temperature dependent, the fracture
energy is also dependent on these parameters but the analytical
model described above does not account for this.
2.2. Visco-hyperelastic material model
The PSA is a non-linear viscoelastic material, hence its constitu-
tive response under step strain relaxation is both strain- and
time-dependent as described in Eq. (10) [30]. The strain-dependent
function, r0(e), has the dimensions of stress while the time-
dependent function, g(t), is dimensionless.
rðe; tÞ ¼ r0ðeÞgðtÞ ð10Þ
where r is the true stress at a true strain, e, and time, t. The strain-
dependent function can be non-linearly elastic through a hyperelas-
tic potential. It should be noted that Eq. (10) assumes that the strain
and time effects on the stress response are separable. In this work,
the Van der Waals hyperelastic potential (Eq. (11)) is used which
has the following material parameters: an instantaneous shear
modulus, w, locking stretch constant, km, and the global interaction
parameter, a [31,32].
UVDW ¼w k2m3
 
ln 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I13
k2m3
s !
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I13
k2m3
s" #
þ2
3
a
I13
2
 3
2
( )
ð11Þ
The true stress as a function of the stretch ratio in the direction
of the load, k, for uniaxial loading can be derived from:
r0 ¼ k dUVDWdk ð12Þ
where for uniaxial deformation under constant volume assump-
tions, the stretch ratios in the principal directions are:
k1 ¼ k; k2 ¼ k3 ¼ 1ﬃﬃﬃ
k
p
The time-dependent function is represented by the Prony
series:
gðtÞ ¼ g1 þ
XN
i¼1
gie
ðt=siÞ ð13Þ
Fig. 2. The tensile stress–strain curves of the polyester backing membrane ﬁlm
tested at speeds of 10, 100 and 1000 mm/min and the power law analytical ﬁt.
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times and g1 + Rgi = 1. Therefore, r0(e) represents the instanta-
neous stress–strain relationship, corresponding to t = 0, while
g1r0(e) is the long-term stress–strain relationship corresponding
to t =1.
The stress, for any strain history, can be expressed using the
Leaderman form of the convolution integral [33]:
rðe; tÞ ¼
Z t
0
gðt  sÞdr0ðeÞ
ds
:ds ð14Þ
which can then be split into a long term elastic and a viscoelastic
contribution, resulting in an expression for stress which is
expressed solely in terms of t as shown in Eq. (15).
rðtÞ ¼ g1r0ðtÞ þ
XN
i¼1
Z t
0
gie
tssi
 
dr0ðsÞ
ds
:ds ð15Þ
Since the convolution integral does not have a closed form, the
integral can be solved using an algorithm based on ﬁnite incre-
ments of time. This recursive equation is shown below:
rðtnþ1Þ ¼ g1r0ðtnþ1Þ
þ
XN
i¼1
e
Dtsi
 
hiðtnÞ þ gi
1 e 
Dt
si
 
Dt
si
r0ðtnþ1Þ  r0ðtnÞ½ 
0
BB@
1
CCA
ð16Þ
where:
hiðtnÞ ¼
Z tn
0
gie
tnssi
 
dr0ðsÞ
ds
:ds ð17Þ
Eq. (16) can therefore be used to calculate the stress at any time,
tn+1, provided the stress at the previous time step, tn, is known. The
initial state is usuallyr = e = t = 0, hence the stress at t > 0 can be cal-
culated. Eq. (16) can then be used to ﬁt experimental stress–strain
data which was measured at known time intervals. A more detailed
description can be found in the work published by Goh et al. [30].
2.3. Power-law hardening material model
The polyester backing membrane is modelled using a simple
power-law, as stated in Eq. (18). This model allows both the initial
linear-elastic region and the plastic work-hardening region of the
stress–strain curve to be expressed analytically through:
r ¼
Ee ðe 6 eyÞ
ry eey
 n
ðe > eyÞ
8<
: ð18Þ
where is the ey yield strain and n is the power-law constant.
3. Experimental
All experiments were performed using a Zwick mechanical test-
ing machine under environmental conditions of 21 C and 50%
humidity. These experiments included tensile tests, relaxation
tests, probe tack tests and peeling tests.
3.1. Tensile tests of the backing membrane
The backing membrane used was a polyester ﬁlm with a thick-
ness of 20 lmwhich was purchased from 3M. Four ﬁlm strips with
a gauge length of 130 mm and width of 10 mm were tested in ten-
sion at speeds of 10, 100 and 1000 mm/min. The stress–strain
curves shown in Fig. 2, were modelled using the simple power-
law in Eq. (18). The elastic modulus, E, and yield stress, ry, were4.44 GPa and 70 MPa respectively, while the power-law constant,
n, was calculated to be 0.287. There was a small rate dependency
in the plastic region which was ignored in the present study.
3.2. Tensile and relaxation tests of the PSA
An acrylic PSA, supplied by Henkel, was dissolved in a solvent
and then cast between twoﬂuoropolymer-coated release liners pur-
chased from 3M. The solvent was subsequently allowed to evapo-
rate fully to produce a solid acrylic polymer sheet with a thickness
of 0.5 mm. PSA samples with dimensions of 50 mm  10 mm were
prepared and tested in tension at true strain rates of 0.1, 1 and
10 min1 and in relaxation from elongation strains of 0.1 and 1with
an initial loading rate of 1 min1. Each test was conducted with
three replicate samples. The resulting stress–strain and stress-time
responses for the tensile and relaxation tests, respectively, are
shown in Fig. 3. The values of the true stress and true strainwere cal-
culated using Eqs. (19) and (20):
e ¼ ln 1þ Dl
l
 
ð19Þ
r ¼ F
A
1þ Dl
l
 
ð20Þ
where l is the original length of the sample, A is the cross-sectional
area of the sample and F is the force applied.
Isometric curves were plotted in Fig. 4 using the tensile data.
Parallel lines were obtained for all the strains which implied that
the strain- and time- dependent behaviour are separable. This jus-
tiﬁes the use of the separable assumption made in the previous
section.
The viscoelastic material model described earlier was calibrated
using the data shown in Fig. 2. An optimisation algorithm, based on
minimising the least square of errors [30] was used to calculate the
material constants and Prony series parameters which are neces-
sary inputs for the FE model. The Van der Waals hyperelastic
potential material constants were determined as: w = 0.411 MPa,
km = 8.56 and a = 0.361. The Prony series parameters are summa-
rised in Table 1 where the subscripts represent the time constants;
these were set to range from 0.1 to 1000 s and spaced such that
they were an order of magnitude apart.
3.3. Probe tack tests
Initially, standard probe tack tests were performed with a ﬂat
steel probe making contact with a signiﬁcantly larger sheet of the
PSA bonded to a polyethylene substrate. The basic idea was that
Fig. 3. (a) Tensile stress versus strain and (b) relaxation stress versus time curves of the PSA and their respective visco-hyperelastic model ﬁts.
Fig. 4. Isometric plot for the PSA.
Table 1
The Prony series parameters.
Van der Waals g0.1 g1 g10 g100 g1000
0.740 0.044 0.099 0.046 0.038
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the maximum stress and the tack work of adhesion could be mea-
sured and then employed in the CZM. However, all such experi-
ments produced ﬁbrillation of the PSA and eventual cohesive
failure of the PSA itself. Since interfacial failure between the PSA
and the polyethylene substrate was observed in the peel tests (to
be described in the following section), the cohesive parameters
from these probe tack tests were considered to be invalid. Thus,
the standard probe tack test was redesigned.
A new design of ‘poker-chip’ probe tack test was therefore
developed as a means of obtaining the cohesive parameters rmax
and Wa for use later in the CZM. This test method was similar toFig. 5. (a) Tack force versus time and (b) tack stress versus displacement for athat used by Cooper et al. [34] in which circumferentially deep-
notch tensile (CDNT) specimens were used to directly measure
the cohesive zone parameters. PSA ﬁlms of 13 mm diameter and
150 lm thickness were applied to a sheet of the polyethylene sub-
strate and then a 15.6 mm diameter steel probe was brought into
contact with the PSA surface. Upon pulling-off the steel probe
and the attached PSA, there was no observable ﬁbrillation of the
PSA and, as expected, failure occurred at the PSA-polyethylene
interface instead of cohesively.
Typical force–time and stress-displacement curves from the
poker-chip probe tack test are shown in Fig. 5. The tack work of
adhesion, Wa, taken to be equivalent to Ga for use in the CZM,
was calculated from the area under the positive section of the
stress-displacement graph while the tack strength, rmax, was
measured directly as the peak stress on the same graph.
Each time the dwell force or dwell time was varied, at least six
replicate experiments were conducted. The dwell force was varied
in the range of 1–20 N with a pull-off speed of 10 mm/min and a
dwell time of 200 s. The resulting values ofWa and rmax are plotted
as a function of the dwell force in Fig. 6.
Even though the experimental scatter shown in Fig. 6 is rather
large, it was concluded that above a dwell force of about 1 N there
was no signiﬁcant effect on either Wa and rmax. Thus, for future
probe tack tests the dwell force was kept at 10 N. Next, the dwell
time was varied between 10 and 300 s and the probe was pulled-
off at a speed of 100 mm/min. As before, a minimum of six repli-
cate samples were tested for each dwell time. Despite the scatter,
the dwell time had no statistical effect on the results, as shown in
Fig. 7. The results presented here are consistent with those of
Creton and Leibler [12], which showed that for a smooth surface,
the maximum tack stress was independent of dwell force and time
above a minimum value. Nakamura et al. [11] showed that there
was a very gradual rise in the tack work of adhesion as the dwell
time was increased.dwell force of 10 N, dwell time of 10 s and pull-off speed of 100 mm/min.
Fig. 6. (a) The tack work of adhesion, Wa, and (b) tack strength, rmax, at different dwell forces for a dwell time of 200 s and pull-off speed of 10 mm/min.
Fig. 7. (a) The tack work of adhesion Wa, and (b) tack strength, rmax, at different dwell times for a dwell force of 10 N and pull-off speed of 100 mm/min.
Fig. 8. A schematic of the experimental peel rig.
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and the tack strength, rmax, obtained were 70 J/m2 and 0.3 MPa
respectively. Since the peel tests were also undertaken at a rate
of 100 mm/min, these values will be employed later in the FE
simulations of the peel tests.
3.4. Peel Tests
Peel test specimens were prepared by casting the acrylic PSA
onto the polyester backing membrane to give an adhesive thick-
ness of 150 lm. It should be noted that this value of the PSA thick-
ness was the same as that used for the probe tack tests, see Section
3.2. After the solvent had fully evaporated, the release liner was
placed on the PSA to protect its bonding surface and the assembled
tape was then cut into 20 mmwide and 80 mm long strips ready to
be used for the peel tests. The release liner was removed from the
surface of the PSA and approximately 40 mm of the tape length
was then applied to the polyethylene substrate using a roller which
ensured that a high enough dwell force was achieved to produce
complete bonding. The free-end of the peel arm was ﬁxed to a ten-
sile grip on the mechanical testing machine. The polyethylene sub-
strate was attached to a 80 mm  40 mm IKO precision linear slide
with a stroke length of 47 mm, which ensured that a constant peel
angle was maintained during the test. Peel tests were performed at
a constant peel crack speed of 100 mm/min and peel angles of 45,
90and 135. At each angle, the peel test was repeated three times.
For the 45 and 135 experiments, the polyethylene substrate sheet
was attached to a triangular block, which in turn was attached to
the trolley, as shown in Fig. 8.
The crack speed, _a, was maintained constant for each peel angle,
h, by adjusting the crosshead speed, _x, according to Eq. (21) [16]:
_x ¼ _að1 cos hÞ ð21ÞInterfacial failure occurred between the PSA and the polyethyl-
ene substrate without ﬁbrillation of the PSA. The recorded steady-
state peel force decreased as the peel angle increased, as shown in
Table 2.
The geometry and material properties of the peel arm and the
parameters required to calculate the fracture energy using the ana-
lytical model [28,29] are given in Section 2. The PSA modulus, Ea,
was estimated by multiplying the instantaneous shear modulus,
w, obtained from the viscoelastic material model, by a factor of
Table 2
The peel force, fracture energy, maximum stress and plastic-energy dissipated for each peel angle.
Peel angle, h () Peel force, P (N) Fracture energy, Ga (J/m2) Maximum stress, rmax (MPa) Plastic energy, Gp (J/m2)
45 5.89 ± 0.61 83.9 ± 8.8 1.17 ± 0.06 2.8 ± 0.2
90 2.19 ± 0.21 94.1 ± 9.4 1.24 ± 0.06 15.3 ± 1.0
135 1.79 ± 0.13 115.7 ± 9.1 1.38 ± 0.05 37.0 ± 1.6
Fig. 9. The CZM/FE model and its boundary conditions (not to scale).
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studies, the peel arm was taken to consist of only the polyester
backing membrane. Further, since the very low modulus PSA had
little inﬂuence on the properties of a combined peel arm of the
polyester backing membrane together with the PSA, this simpliﬁ-
cation affected the values of Ga and rmax by no more than 10%,
3% and 0.5% for the peel angles of 135, 90 and 45 respectively.
The values of the fracture energy, Ga, and the maximum stress,
rmax, so calculated at each angle are shown in Table 2. It is
observed that there was an increasing trend in Ga and rmax with
h, but this is not statistically signiﬁcant with an average value of
98 J/m2 and 1.26 MPa, respectively. Also of note is that the value
of Gp is considerably smaller than Ga but also shows a tendency
to increase in value as the peel angle increases.4. Numerical modelling of peeling
4.1. Introduction
A two-dimensional, plane strain simulation of the peel test was
performed using the commercial FE software Abaqus [35]. The
entire assembly consisted of two parts: an analytical rigid-body
representing the polyethylene substrate and a 2D deformable body
for the peel arm, which was then partitioned into the polyester
backing membrane and the PSA adhesive components. (Thus,
unlike the above analytical model, the FE simulations can readily
model the peel arm as consisting of two materials, see Fig. 9).
The polyester backing membrane and the PSA were modelled using
the elastic–plastic and visco-hyperelastic material models
described in Section 2 above. A CZMwas implemented at the inter-
face between the PSA and the polyethylene substrate, to simulate
interfacial failure, as was indeed observed experimentally. The free
end of the peel armwas displaced in the required loading direction,
while the rigid polyethylene substrate was restrained both hori-
zontally and vertically. A schematic of the FE model is shown in
Fig. 9.
In the present work, cohesive contact was used instead of cohe-
sive elements. Previous peeling simulations, not presented here,
showed that for a given traction-separation law, both methods
gave identical results. However, cohesive contact was an easier
and a more logical approach to implement because failure via peel
crack growth occurred at the interface between the PSA and the
polyethylene substrate.
A mesh sensitivity analysis, using linear elements, was per-
formed in order to determine the optimal level of mesh reﬁnement
which was computationally efﬁcient without compromising the
accuracy of the results. This was found to be two and three ele-
ments thick for the backing membrane and the PSA, respectively,
with an element length of 50 lm. This mesh density was used in
all future models.
4.2. Mixed-mode considerations
The mixed-mode behaviour was assumed to be mode-indepen-
dent, i.e. the fracture energy was the same for bothMode I (normal)
and Mode II (shear) failure. Thus, it was assumed that that
GIc = GIIc = Ga. Similarly, the normal peak stress, rmax, was assumedto be equal to the shear peak stress. Thus, the Mode I and Mode II
traction-separation laws were taken to be identical, since the same
initial stiffness, k, was also speciﬁed. Damagewas initiated based on
a maximum stress criterion, rmax, in both the normal and shear
loading modes followed by a linear progressive damage evolution.
The mixed-mode failure locus for GIc and GIIcwas linear and deﬁned
by:
GI
GIc
þ GII
GIIc
¼ 1 ð22Þ
The implications of the above assumptions are discussed in
detail below.
4.3. The traction-separation law
A triangular traction-separation law was employed with the
two parameters rmax and Ga deﬁning the CZM. However, a third
parameter was also required, namely the initial stiffness, k. A para-
metric study was performed to determine the inﬂuence of k on the
predicted peel force, with rmax and Ga set to 0.3 MPa and 70 J/m2,
respectively. The latter are the values obtained from the poker-chip
probe tack tests, shown in Fig. 7, which were performed at the
same rate of 100 mm/min as that used for the peel tests. The
results from this parametric study shown in Fig. 10 reveal that
there is a threshold value beyond which the predicted peel force
remained constant. A relatively large value for k did not introduce
artiﬁcial compliance in the model, and therefore for all future
simulations the value of k was set equal to 5  1011 Pa/m.
4.4. Numerical predictions
As discussed above, the rmax and Ga values for the CZM were
obtained using two different test methods: (a) calculated values
from using the analytical model of the peel test (i.e. 1.26 MPa
and 98 J/m2), and (b) direct experimental measurements from
the poker-chip probe tack test (i.e. 0.3 MPa and 70 J/m2 (where
Ga =Wa)). As may be seen from these results, the values of Ga from
the two different test methods are not very different but the values
of rmax differ considerably. Nevertheless, as discussed above, it had
been decided to implement both pairs of values in the CZM, since
an aim of the present work was to attempt to derive the values for
the CZM from analytical or independent experimental studies.
The simulation of the peel tests that used the analytically calcu-
lated CZM parameters of 1.26 MPa and 98 J/m2 exhibited no deb-
onding because the nodes at the PSA-polyethylene interface
never attained the prescribed critical stress. Instead, the model
predicted that the peel arm would simply continue to undergo ten-
sile stretching and no peel crack growth would ever occur.
Fig. 10. The inﬂuence of the cohesive stiffness on the predicted peel force at 90.
Fig. 11. The numerical and experimental peel forces for different peel angles at a
crack speed of 100 mm/min. The rmax and Ga values were from the probe tack test
and were 0.3 MPa and 70 J/m2, respectively.
Fig. 12. The inﬂuence of the maximum stress on the predicted peel force at 90 as
obtained from the numerical model using a Ga value of 70 J/m2.
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would occur when the CZM employed the probe tack values of rmax
and Ga of 0.3 MPa and 70 J/m2. Further it was observed that there
was a very good agreement between the numerically predicted
and the experimentally-measured values of the peel force. This
may be seen from Fig. 11 where the numerical and experimental
peel forces, at different peel angles, are compared. These results
demonstrated the validity of using the probe tack test to obtain
rmax and Ga.
4.5. Parametric study of the effect of rmax
Since the numerical model failed to converge using the analyt-
ically calculated CZM parameters, a parametric analysis was per-
formed to determine the effect on the predicted peel force upon
varying the value of rmax in the CZM. The results in Fig. 12 show
that there is an increasing trend of the peel force with rmax. Above
a certain value of rmax (i.e. 0.5 MPa) the crack would not propagate,
instead the free end of the peel arm simply undergoes tensile
deformation, and the model would abort. Diehl [22], who per-
formed peeling simulations with an Abaqus Explicit solver over
three orders of magnitude of rmax values, also reported that there
was a value above which his CZM/FE model performed poorly.
The present results in Fig. 12 show that not only the value of Ga is
important to obtain an accurate CZM/FE simulation but that the
value of rmax also has a major inﬂuence on the predicted peel force.
This observation agrees with the work of Blackman et al. [17] whoemphasised that the outcome of the CZM was typically dependent
upon the values of both of these CZM parameters. Indeed, Tantide-
eravit et al. [32] have also shown that there was in increase in the
predicted peel force as the value of rmax was increased. This is in
contrast to Diehl’s use of a single-parameter cohesive law, depen-
dent only on Ga, which relied upon the extrapolation of a mesh-rel-
ative factor in order to obtain a numerical peel strength value [22].
Therefore, it may be concluded that the analytical model of the
peel test, which led to a rmax value of 1.26 MPa, resulted in a value
which is excessively high. This observation can also be deduced by
a comparison with the tensile test data of the PSA, see Fig. 3, where
the true stress values are far less than 1.26 MPa. Since the value of
rmax from the peel test was clearly too high, an inverse analysis
was performed by reducing rmax but keeping Ga to be 98 J/m2 (as
calculated from the analytical model of the peel test), until the peel
force predicted from the numerical CZM/FE simulations agreed
with the experimentally-measured peel force. The value of rmax
that was needed for such an agreement was found from this
inverse analysis to be 0.12 MPa, which is very close to the mea-
sured value obtained from the poker-chip probe tack tests.
4.6. Effect of mode-mix
As already mentioned above, it was assumed that GIc was equal
to GIIc, and hence to Ga, and the value of rmax was also kept con-
stant irrespective of whether Mode I or Mode II loading was being
considered. These assumptions are justiﬁed theoretically since
such peel tests are considered to be under predominantly Mode I
loading conditions [24,25,28]. In order to further conﬁrm the valid-
ity of these assumptions, the mode-mix was veriﬁed using the
numerical model. The individual traction-separation data were
plotted using the normal and shear stresses and their respective
displacements of any node in the cohesive zone at steady state
for each peel angle, as shown in Fig. 13.
By dividing the area under the Mode I and Mode II lines, the
mixed-mode ratio for each peel angle was determined, as shown
in Fig. 14. Using this method, the contribution due to Mode II
(shear) was less than 5% for each peel angle. Hence, the assumption
that the peeling process is mainly Mode I is indeed justiﬁed. It
should also be noted that the numerical GI and GII values satisfy
Eq. (22).
In addition, another simulation was performed as in Tantideera-
vit et al. [32], where the GIIc value was set to be twice that of the GIc
value, i.e. 140 J/m2, in the 90 peeling simulation. This resulted in a
peel force less than 3% higher than the peel force obtained when GIc
and GIIc were equal. This result further justiﬁes the dominance of
Mode I failure in the present peel tests.
Fig. 13. Individual normal and shear traction-separation laws for (a) 45, (b) 90 and (c) 135 peel angles.
Fig. 14. The predicted mixed-mode distribution for different peel angles at a crack
speed of 100 mm/min.
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Fixed arm peel tests have been performed using specimens
which consisted of a polyester backing membrane supporting an
acrylic pressure-sensitive adhesive (PSA) adhered to a polyethyl-
ene substrate. The tests were undertaken at various peel angles,
at a constant rate of crack growth, and the peel forces needed to
cause crack growth along the PSA-polyethylene substrate interface
were measured.
Finite element (FE) peeling simulations were conducted which
modelled the backing membrane as an elasto-plastic power-law
material and the adhesive as a visco-hyperelastic material. The
material properties of the polyester backing membrane and the
PSAweremeasured from tensile and stress-relaxation experiments.
The properties of the PSA-polyethylene substrate interface were
modelled using a cohesive zone model (CZM). The parametersrequired for the CZM, namely the critical stress, rmax, and the frac-
ture energy, Ga, were calculated analytically from the peel test, as
well as being measured directly from an independent ‘poker-chip’
probe tack test. The latter method was found to give the more
meaningful values of the CZM parameters. Thus, the values of rmax
and Ga from the poker-chip probe tack test, measured at the appro-
priate rate of test, were used to undertake predictions of the behav-
iour of the peel tests using the FE model.
It was found that the numerically predicted peel forces were in
good agreementwith the experimentallymeasured peel forces over
the range of peel angles studied. The accuracy of the FE peeling
model supported the poker-chip probe tack method for determin-
ing independently, by direct measurement, the CZM parameters
of rmax and Ga. Further validation of the model is needed and cur-
rent work is focussing on testing its accuracy for various peel rates
and PSA thicknesses.Acknowledgements
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